Background. (1→3)-β-D-Glucan (BDG) is a helpful diagnostic marker for many invasive fungal infections. However, BDG is not thought to be useful in diagnosing cryptococcosis. We evaluated the utility of BDG as an adjunct diagnostic tool for patients infected with human immunodeficiency virus (HIV) and presenting with suspected cryptococcal meningitis.
(1→3)-β-D-Glucan (BDG) is a polysaccharide glucose polymer that is a major constituent of the cell wall of many medically important fungi [1, 2] . The Fungitell assay (Associates of Cape Cod, Inc., Falmouth, Massachusetts) has been approved by the US Food and Drug Administration (FDA) for the detection of BDG in serum, and it is helpful in the diagnosis of invasive fungal infections [3, 4] . New data also demonstrate value in measuring BDG concentrations in the cerebrospinal fluid (CSF) of patients with suspected fungal infections of the central nervous system (CNS) [5] [6] [7] .
Cryptococcus reportedly releases very low levels of BDG [1] , thus the FDA label of the Fungitell assay specifies that it does not detect Cryptococcus [8] . However, this assumption is based on limited data from small studies measuring BDG levels in the serum of human immunodeficiency virus (HIV)-negative patients with cryptococcal disease outside of the CNS. In a frequently cited study consisting of 7 patients with pulmonary cryptococcosis, plasma levels of BDG were not elevated [8] . All previous studies evaluating serum BDG have involved small numbers of cryptococcosis cases as part of larger investigations into invasive fungal disease [9] [10] [11] [12] .
We used the Fungitell assay (Associates of Cape Cod, Inc., East Falmouth, Massachusetts) to assess the diagnostic performance of BDG for cryptococcal meningitis in the CSF and serum of HIV-infected Ugandans and South Africans. We also investigated associations between CSF BDG concentrations and markers of CSF immune response and clinical outcomes.
METHODS
(1→3)-β-D-Glucan testing was performed retrospectively on cryopreserved (−80°C) CSF (n = 177) or serum (n = 109) specimens from persons infected with HIV who were enrolled into 2 prospective cohorts of hospitalized patients with suspected meningitis in Uganda (Kampala and Mbarara) and Cape Town, South Africa, from 2010 to 2013 (ClinicalTrials.gov: NCT01075152; NCT01802385) [13] . All subjects provided written informed consent. Institutional review board approval was obtained from all sites. All subjects received amphotericin B (0.7-1 mg/kg per day) and fluconazole (800-1200 mg/day) during the first 14 days of induction therapy, according to locally established guidelines.
Of the 177 CSF specimens, 117 were obtained at time of diagnosis (67% with cryptococcal meningitis, 33% with undiagnosed aseptic meningitis) and constitute the samples included in the primary analysis of diagnostic performance. All 25 CSF specimens obtained in South Africa (21% of total used in primary analysis) were obtained from patients with cryptococcal meningitis. An additional 60 CSF specimens, obtained from therapeutic lumbar punctures from 3 to 20 days postdiagnosis, were tested to assess the rate of BDG clearance. One hundred seventy-six specimens were included in analyses evaluating the effects of antifungal therapy on fungal burden and BDG concentrations; 1 sample obtained at 20 days postdiagnosis was excluded. Serum specimens from 109 patients, obtained on the day of diagnosis (42% with cryptococcal meningitis), were used in the diagnostic utility analysis. Forty-one subjects contributed both CSF (35% of total) and serum (38% of total) specimens for the primary analysis, whereas the remaining subjects contributed either CSF or serum.
Diagnostic Testing
Diagnosis of cryptococcosis was made on site via CSF cryptococcal antigen (CRAG) lateral flow assay (LFA) (Immy, Inc., Norman, Oklahoma), microscopy, quantitative culture, and/or serum CRAG [14] . Quantitative CSF fungal culture was performed using 100 µL input volume of CSF, cultured undiluted, and with four 1:10 serial dilutions incubated at 30°C for up to 14 days [15, 16] . All culture isolates were independently confirmed as Cryptococcus neoformans var. grubii with multilocus sequence typing, as described previously [17] . Semiquantitative CRAG LFA titers were performed on cryopreserved samples using 2-fold serial dilution, starting at 1:25 dilution. When qualitatively positive but negative at 1:25 titer, 2-fold dilutions were run starting at 1:2. Gram stain, bacterial culture, and stain for acid-fast bacilli were prospectively performed on all CSF specimens. GeneXpert MTB/RIF assay (Cepheid Inc., Sunnyvale, California) was performed on cryptococcal-negative specimens in Uganda. The reference standard for cryptococcal meningitis was defined as either a positive C neoformans CSF culture or CSF CRAG [14] .
Laboratory Procedures
The Fungitell assay was performed at Associates of Cape Cod, Inc. laboratories on cryopreserved specimens. Laboratory technicians were blinded to specimen diagnosis. A cutoff BDG concentration of ≥80 pg/mL was considered a positive test result. 
Statistical Analysis
The primary analysis consisted of the BDG diagnostic performance (sensitivity, specificity, positive and negative predictive values) at time of diagnosis. Secondary analysis examined sensitivity only with stratification by CSF quantitative fungal burden and by country, due to the genetic diversity of Cryptococcus isolates [17, 18] . Post hoc analyses examining important covariates that could explain differences in diagnostic performance across country were conducted, including the Wilcoxon rank-sum test of quantitative fungal burden and a test of equality of sensitivity proportions. Simple and multiple linear regression were used to determine baseline correlations between log-transformed cytokine and BDG concentrations in all patients who completed a quantitative culture. Log-transformed quantitative culture was included as a covariate in multiple linear regression models. Additional analysis included non-parametric correlation of BDG with CRAG titers (n = 112). "Out of range" cytokine measurements were arbitrarily set to the limit of detection divided by 2.
Among patients diagnosed with cryptococcal meningitis, changes in BDG over time and associations between pretreatment BDG concentrations and 1-and 10-week mortality were examined using a linear mixed model with random intercepts and Cox proportional hazard models, respectively. Four patients were excluded from the survival analysis due to enrollment ineligibility and consequently had no follow-up information. The survival analyses stratified BDG concentrations at the approximately highest quartile (≥500 pg/mL), with adjustment for mental status (Glasgow Coma Scale score <15) and colony-forming units (CFU)/mL. All analyses were conducted in Stata/IC version 12.1 (StataCorp, College Station, Texas). Statistical significance was defined as alpha <0.05.
RESULTS
One hundred seventeen subjects with suspected meningitis were enrolled in Uganda and South Africa: 78 had cryptococcal meningitis (n = 76 culture positive; n = 78 CRAG LFA positive) and 39 were negative by CSF culture, CRAG, and microscopy with Gram stain and/or India ink.
(1→3)-β-D-Glucan in Cerebrospinal fluid
The median (interquartile range [IQR]) CSF BDG concentration in persons with cryptococcal meningitis was 343 (200-597) pg/mL. The Fungitell BDG assay provided 89% (69 of 78) sensitivity and 85% (33 of 39) specificity compared with the composite reference standard of culture or CRAG LFA (Table 1) . One negative BDG result occurred in 1 individual with no known history of cryptococcal meningitis that was diagnosed by a positive CSF CRAG but with a sterile CSF culture. Of the 9 false-negative results, 5 had BDG CSF levels of <60 pg/mL and 4 had a BDG level between 60 pg/mL and 79 pg/mL, which is considered indeterminate per manufacturer guidelines for serum. If we considered indeterminate values as positive rather than negative, the overall sensitivity of the assay in CSF increased to 94% (73 of 78) without any loss in specificity.
The median (IQR) CSF BDG concentration among patients with meningitis not due to Cryptococcus was 37 (23-46) pg/mL ( Figure 1 ). Six patients without cryptococcal meningitis had putative false-positive CSF BDG. One individual that was CRAG-positive in serum but without evidence of meningitis (CSF culture and CRAG negative with a normal CSF opening pressure and no CSF pleocytosis) had a CSF BDG concentration of 130 pg/mL. Three persons with CSF BDG ≥80 pg/mL without cryptococcosis had normal CSF profiles and normal opening pressures. Two persons with false positives had lymphocytic Abbreviations: CI, confidence interval; CSF, cerebrospinal fluid; NPV, negative predictive value; PPV, positive predictive value.
*Cryptococcal meningitis was defined by CSF positivity of cryptococcal antigen (n = 78) and/or culture (n = 76). † In CSF, 4 specimens from patients diagnosed with cryptococcal meningitis were in the indeterminate range (60-79 pg/mL) according to the package insert. These were considered negative for purposes of diagnostic performance. ‡ In serum, 5 specimens from patients diagnosed with cryptococcal meningitis and 4 specimens from patients without cryptococcal meningitis were in the indeterminate range (60-79 pg/mL) according to the package insert. (Table 2) . We observed a sensitivity of 98% (53 of 54) when initial fungal burdens were ≥10 000 CFU/mL, and we noted only 61% (11 of 18) sensitivity when initial fungal burdens were below 10 000 CFU/mL. We also observed better sensitivity of BDG in CSF in Uganda (94%; 95% confidence interval [CI], 87%-98%; n = 53) compared with South Africa (80%; 95% CI, 64%-96%; n = 25) (P = .10). Ugandan patients tended to have higher CSF burdens, with 80% (40/50) in Uganda vs 58% (14/24) in South Africa (P = .05) presenting with an initial quantitative culture ≥ 10 000 CFU/mL.
(1→3)-β-D-Glucan normalized rapidly after initiating antifungal therapy, with a −0.23 (95% CI: −0.27, −0.19) average change in log 2 BDG concentrations for each day of follow-up (Figure 1 ). Alternatively stated, there was on average a ∼50% reduction (ie, −0.92 log 2 ) in CSF BDG concentrations after 4 days of therapy. In this cohort, the average rate of early fungicidal activity was −0.31 log 10 CFU/mL CSF/day [13] . Among CSF specimens collected on day 7 onwards, culture-positive CSF specimens trended towards having higher BDG levels than the culturenegative specimens (101 vs 50 pg/mL, respectively; P = .055).
Among patients diagnosed with cryptococcal meningitis, we noted that pretreatment BDG concentrations ≥500 pg/mL were associated with increased acute mortality through 10 weeks (hazard ratio, 2.9; 95% CI, 1.5-5.9; P = .003) (Figure 3 ). When we further included baseline quantitative fungal culture (n = 68) into a multivariable model, pretreatment CSF BDG levels ≥500 pg/mL remained independently associated withincreased mortality (hazard ratio, 2.54; 95% CI, 1.01-6.35; P = .047). When we adjusted for altered mental status, we found that there was no impact on hazard estimates.
Cerebrospinal Fluid Biomarkers
Of the 89 baseline CSF specimens further analyzed for immune biomarkers (Supplemental Table S1 ), CSF BDG concentrations correlated with IL-8 (β = 0.27, P < .01), MIP-1β (or CCL4; β = 0.38, P = .02), MCP-1 (or CCL2; β = 0.48, P = < .001), and TNF-α (β = 0.32, P = .02). However, these chemokines also correlated with quantitative fungal burden, and after adjusting for quantitative CSF fungal burden, only MCP-1 (CCL2) maintained an independent relationship with BDG in a multivariable model (β = 0.15, P = .047).
(1→3)-β-D-Glucan in Serum
In serum, BDG demonstrated 79% (37 of 47) sensitivity and 61% (38 of 62) specificity for cryptococcal meningitis, using the manufacturer's cutoff of 80 pg/mL (Table 1) . Nine samples (n = 5 with Cryptococcus) would be considered indeterminate according to the manufacturer (BDG 60-79 pg/mL). If we considered indeterminate values as positive rather than negative, the overall sensitivity of the assay in serum increased to 89% 
DISCUSSION
This is the first study to specifically evaluate BDG concentrations in patients infected with HIV with cryptococcal meningitis. We observed that the Fungitell BDG assay is moderately sensitive and specific in CSF for the diagnosis of cryptococcal meningitis. Although BDG diagnostic performance characteristics are inferior to those of the CRAG LFA for first episodes of cryptococcal diagnosis, we observed that BDG correlated with immune responses, rapidly decreased with effective antifungal therapy, and that higher concentrations were independently associated with worse short-term survival. Our findings are contrary to established dogma, which asserts that Cryptococcus produces insufficient amounts of BDG to be detected. Although it is not an optimal diagnostic test, a positive BDG result is probable in any given patient with cryptococcal meningitis, particularly among those with higher fungal burdens.
Previous studies on the utility of BDG in cryptococcal disease have focused on the detection of BDG in serum, with variable performance reported [8-11, 19, 20] . Our results, which constitute the largest sampling to date, demonstrate that BDG is detectable in patients with cryptococcal meningitis, although BDG in serum is neither as sensitive nor as specific as BDG in CSF. As has been observed in prior studies, BDG may be detected in the CSF but not serum of patients with fungal infections of the CNS [6] . (1→3)-β-D-Glucan traffic between compartments, relative clearance rates, and organism-related impacts remain to be clarified. Although BDG measurement in serum does not have adequate sensitivity or specificity to guide therapy at screening, a positive result should guide further diagnostic testing. Our results suggest that cryptococcosis should remain in the differential diagnosis of any patient with a positive BDG assay being screened for possible invasive fungal infection.
More importantly, ours is the first study to measure BDG levels in the CSF of a large group of patients with cryptococcal meningitis. Greater sensitivity of BDG in CSF compared with serum may partially explain the poor sensitivity observed in previous studies evaluating BDG in the diagnosis of cryptococcosis, which have involved patients primarily with pulmonary cryptococcosis.
The ability to detect BDG seems to be dependent on fungal burden. In cases of meningitis, Cryptococcus is concentrated in the CSF, whereas serum may contain lower levels of fungal products reflecting disseminated infection. Therefore, it may be expected that the BDG assay would perform better in CSF compared with serum in cases of cryptococcal meningitis. Cryptococcus is thought to release lower concentrations of BDG compared with other pathogenic yeasts [1] , which may explain the loss of sensitivity of the assay at lower fungal burdens. A lower assay cutoff in CSF, however, could theoretically overcome some of the loss in sensitivity.
When we considered indeterminate values as positive rather than negative, the overall sensitivity of the assay in CSF increased without any loss in specificity. This was not the case in serum, where sensitivity improved at the expense of poorer specificity after manipulation of the cutoff. This result could reflect the fact that assay performance was standardized using serum. The relatively poor specificity (62% at ≥80 pg/mL threshold) in serum among this population with advanced acquired immune deficiency syndrome (AIDS) with suspected meningitis is in and of itself interesting. Because persons living with AIDS have increased microbial translocation, which is best studied in relation to lipopolysaccharide [21] , this poor serum specificity may potentially reflect that there is also yeast product translocation. Its significance requires further investigation.
Until now, BDG has been inadequately evaluated in individuals with HIV-associated cryptococcal meningitis. Persons with HIV-associated cryptococcal meningitis have higher fungal burdens and more disseminated disease compared with non-HIV-infected persons with cryptococcosis [22, 23] . Patients infected with HIV might therefore be expected to have higher concentrations of BDG. For this reason, our findings cannot be broadly generalized. We would expect the sensitivity to be lower in persons who are HIV seronegative. Our cohort of hospitalized African patients represents an extreme of typical disease progression, with a median fungal burden of ≥100 000 CFU/mL. Ugandan patients had higher fungal burdens relative to those from South Africa, which may at least partially explain the higher sensitivity of the BDG assay observed in Uganda.
High initial quantitative cryptococcal cultures have previously been shown to be predictive of adverse outcomes [24] . In our analysis, higher BDG levels were associated with both higher fungal burdens and increased mortality independent of fungal burden assessed by qualitative culture within 1 and 10 weeks of cryptococcal meningitis diagnosis. These associations suggest a potential prognostic role for BDG, which, perhaps combined with CRAG titers [25] , could be used to help guide treatment decisions in patients with HIV-associated cryptococcal meningitis, particularly because labor-and time-intensive quantitative fungal cultures are unavailable in most settings.
In contrast to CRAG titers, which can remain positive for months to years [26] , BDG concentrations appear to rapidly normalize with effective treatment. This rapid normalization could have at least 2 important clinical implications. First, a reliable marker for CSF clearance could lead to more tailored duration of induction antifungal therapy, minimizing drug toxicity while ensuring adequate resolution of infection [27] . Second, BDG might be useful in cases of symptomatic relapse, where the presence of live Cryptococcus is of central diagnostic significance [28, 29] , helping to differentiate cases of immune reconstitution inflammatory syndrome (IRIS) from true culture-positive relapse without the time-dependent reliance on culture. Further studies investigating BDG clearance over time are required to ascertain the clinical utility of BDG.
Finally, our analysis of immune biomarkers in CSF has demonstrated a possible role for BDG in the host immune response to C neoformans. Our findings support other studies that have observed elevated levels of IL-8, MIP-1β (CCL4), MCP-1 (CCL2), and TNF-α either in response to fungal pathogens [30, 31] or purified BDG itself [32, 33] . The observation that BDG levels are associated with proinflammatory chemokines suggests a perhaps underappreciated role for BDG in provoking an immune response in the CNS of patients with cryptococcal meningitis. In particular, the independent association with the monocyte chemokine MCP-1 suggests a role in the activation of macrophages, which has previously been observed to be an integral part of the CNS immune response to C neoformans [34, 35] . Although the scope of our study precludes drawing a causal relationship from these observations, future studies should consider investigating the importance of BDG in the innate immune response to Cryptococcus.
Limitations of BDG testing include an inability to distinguish between fungal species, false-positive results linked to certain antibiotics such as amoxicillin-clavulanate, and cross-reactivity with some bacteria, which also produce BDG [36, 37] . In resourcelimited settings such as ours, the availability of definitive fungal diagnostics for organisms other than Cryptococcus is limited. An inability to determine the cause of false-positive BDG results in our study was limited by these challenges, as well as the retrospective design or our study. Randomized prospective cost-effectiveness evaluations of the BDG assay would need to assess the role of BDG in monitoring patients with cryptococcal meningitis.
In summary, we report that BDG can be detected in the CSF of persons with AIDS and cryptococcal meningitis. Not surprisingly, the sensitivity of the BDG assay in CSF increases with increasing initial fungal burden, suggesting a potential role in prognosis and for the tailoring of antifungal duration [27] . (1→3)-β-D-Glucan is not a replacement for CRAG due to inferior sensitivity of BDG. Yet unlike CRAG, CSF BDG rapidly normalizes with effective cryptococcal meningitis treatment. (1→3)-β-D-Glucan may be useful as a diagnostic adjunct for evaluating treatment efficacy or in rapidly differentiating cryptococcal relapse from IRIS, while awaiting CSF culture results. Cryptococcal meningitis should be considered in all immunosuppressed patients with a positive BDG test result. Additional studies are necessary to confirm our observations.
